that has garnered interest is the creation of multilayered graft materials. Decellularized allograft and xenografts have been tested with some success. For instance, a bioengineered cornea comprised of recombinant human collagen type III crosslinked by carbodiimide chemistry for deep anterior lamellar keratoplasty has resulted in long-term remodeling of the cornea and a resulting structure similar to normal corneal tissue. [3] To date, these approaches require the formation and molding of the replacement button ex vivo, and the placement within a deep anterior lamellar cavity created within the cornea. Yet there remain clinical situations such as a deep ulcer and/or severe thinning where corneal stromal integrity has been severely compromised, and surgical intervention with a tectonic graft remains the only option, albeit of last resort. Preformed, bioengineered corneal buttons would be difficult to place within an irregularly shaped corneal stromal ulcer which may not be mechanically stable enough to merit lamellar or full-thickness excision of diseased corneal tissue. A way to noninvasively fill and stabilize a deep corneal wound could be of great benefit to patients where the risks and morbidities associated with penetrating the globe are high.
Introduction
Corneal transplantation has evolved substantially in the past two decades, and now can be done in a number of different ways depending on the indication. The advent of lamellar and endothelial keratoplasty, where only certain layers of the cornea are replaced, has narrowed the number of cases where a full-thickness penetrating keratoplasty is required. [1] Although these procedures are done through variable thickness cadaveric allograft corneas, the availability of donor tissue remains limited in most parts of the world. [2] An alternative approach by crosslinking and gelation to recapitulate the thickness and smooth, continuous surface of the cornea. To accomplish this, a cellular/acellular matrix material would need to be crosslinked in place at the wound site. We propose an approach where a collagen matrix is crosslinked in situ, either with or without a suspension of corneal keratocytes over a corneal stromal defect. Commonly used chemical crosslinking agents such as glutaraldehyde, diphenylphosphoryl azide (DPPA), carbodiimide, and N-hydroxysuccinimide (NHS) are generally not compatible with cell encapsulation or in situ reaction at wound sites due to their cytotoxicity and/or reactivity with proteins. [4] For example, although the active esters of NHS crosslinking are relatively cytocompatible, the unselective reaction with the primary amine can lead to undesired cross-reaction with cells and proteins. Therefore, a bio-orthogonal chemistry would be a preferable approach to encapsulating keratocytes, especially if it is to be done in situ.
Here, we present strain-promoted azide-alkyne cycloaddition (SPAAC), a bio-orthogonal, copper-free form of click chemistry, as a means to chemically crosslink collagen around cultured keratocytes. Azides and alkynes do not react with functional groups present on cells and tissues, and only proceed with the cycloaddition reaction when they encounter each other. SPAAC reaction produces no free radicals and side products, can proceed in water under ambient conditions without the need for external catalysts such as an initiator or copper, and do not require a trigger such as light or heat. [5] Collagen was modified with azide and dibenzocyclooctyne (DBCO) groups to enable the SPAAC reaction between azide-conjugated collagen and alkyne-conjugated collagen, and the ratios and concentrations of conjugated collagens were adjusted to obtain a range of mechanical properties of collagen gels. To mimic the structure of the cornea which is composed of a multilayered epithelium of keratinocytes overlying a stromal layer of collagen type I and keratocytes, we cultured keratinocytes on collagen gels with and without encapsulated keratocytes, with the collagen either crosslinked by SPAAC or without crosslinking. Cell behavior, phenotype, and cytocompatibility of encapsulated keratocytes were evaluated as a function of crosslinking and mechanical properties. Corneal keratinocytes cultured on the SPAAC-crosslinked gel were able to adhere and migrate over the surface (Figure 1) . The morphology of keratocytes encapsulated within the collagen gels with overlying corneal keratinocytes was evaluated by both confocal microscopy and immunohistochemistry. The ability of the SPAAC-crosslinked gel to support corneal re-epithelialization was then investigated using an organ culture model of lamellar keratectomy in rabbit corneas.
Results

Collagen Conjugation for Gel Formation by SPAAC
Crosslinked collagen hydrogels were generated to assess their suitability as a matrix material for an in situ forming corneal construct. To facilitate strain-promoted azide-alkyne cycloaddition mediated crosslinking, collagen was functionalized with either azide or DBCO groups using NHS coupling chemistry. A poly(ethylene glycol) (PEG) spacer was introduced into the azide group conjugation to allow for enhanced conjugation efficiency. The conjugation efficiency was assessed using a fluorescamine-based assay (Figure 2) . Fluorescamine is traditionally used to quantify protein content since it reacts rapidly with a protein's primary amine groups, which are found at lysine residues and the N-terminus, to create a fluorescent signal ( Figure 2A ). [6] Since NHS reagents react with primary amine groups as well, the functionalization efficiency can be quantified by correlating fluorescence intensity to the number of the residual primary amine groups, where a reduced fluorescent signal indicates a higher degree of functionalization. The fluorescence intensities were converted to concentration of primary amine groups using a standard curve of primary amine groups in collagen, and then the conversions were obtained by taking the ratio of the concentration of primary amine groups before and after conjugation ( Figure 2B ). The molar ratio between the collagen primary amine groups and the NHS groups of azido-poly(ethylene glycol) 5 -N-hydroxysuccinimidyl ester (azide-PEG-NHS) and dibenzocyclooctynesulfo-N-hydroxysuccinimidyl ester (DBCO-sulfo-NHS) was calculated (Table S1 , Supporting Information). For equivalent molar ratio conjugation, the conversions to azide-PEG-collagen and DBCO-collagen were 55.87 ± 4.57% and 59.50 ± 3.93%, respectively. Increasing the molar ratio increased the conjugation efficiency, where the conversion of azide-PEG-collagen was 74.80 ± 2.52% with a twofold molar ratio, and the conversion with fivefold molar ratio was slightly increased, even further but there was no statistical difference between the two. Schematic of crosslinked collagen gel matrix formation by strain-promoted azide-alkyne cycloaddition. Azide-PEG-conjugated collagen (Azide-PEG-collagen) and DBCO-conjugated collagen (DBCO-collagen) were mixed with keratocytes to fabricate a corneal stroma tissue substitute. Keratinocytes were seeded on the keratocyte-encapsulated collagen gel to facilitate the formation of the epithelial layer.
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The conversion of DBCO-collagen was 68.91 ± 6.93% with the twofold molar ratio, and the conversion with fivefold molar ratio was decreased without statistical difference. Thus, for both conjugation of azide-PEG and DBCO, the twofold molar ratio was the most effective condition for the reaction between primary amine and NHS groups.
Mechanical Properties of Crosslinked Collagen Gels
The optical and mechanical properties of the SPAACcrosslinked gels and non-crosslinked gels were analyzed to determine if the crosslinked collagen gels were suitable for use in the cornea. The SPAAC-crosslinked gel was observed to be relatively transparent while the non-crosslinked gel was relatively opaque ( Figure 3A) . To quantify this change in optical transparency, gel transmittance was evaluated at wavelengths between 350 and 800 nm. The transmittance of SPAACcrosslinked gels remained constant at ≈80% in the visible light range, while the transmittance of non-crosslinked collagen increased with wavelength from ≈20% to 80% ( Figure 3B ). The average transmittance of SPAAC and non-crosslinked gels were 84.58 ± 1.44% and 57.56 ± 13.48%, respectively. The mechanical properties of the collagen gels during and after gelation were measured using rheological methods ( Figure 3C,D) . The storage modulus of the SPAAC crosslinked gel increased from ≈10 to ≈100 Pa over the 15 min time course, and the rate of the change in modulus steadily decreased overall with time ( Figure 3C ). The non-crosslinked gels' storage modulus fluctuated for ≈450 s, and then steadily increased to reach ≈40 Pa at 900 s ( Figure 3C ). After 900 s, the storage moduli of SPAAC and non-crosslinked gel were measured as a function of frequency from 0.1 to 10 Hz, and we confirmed that gelation was complete since the moduli remained constant with changes in frequency ( Figure 3D ).
To assess if the mechanical properties could be modulated by crosslinking density, both the ratio between azide-PEGcollagen and DBCO-collagen and the collagen concentration Physical properties of chemically crosslinked collagen gels by SPAAC and non-crosslinked collagen gels. A) Photographs of blank and collagen gels inside of 96 well plates. B) Transmittance spectra of collagen gels from 350 to 800 nm. C) Dynamic moduli of collagen gels as a function of time during gelation. The gels were mounted immediately after mixing. D) Dynamic moduli of collagen gels as a function of frequency. G′ and G″ represent storage and loss modulus, respectively. www.advancedsciencenews.com www.advhealthmat.de was changed. First, the ratio of azide:DBCO was varied between 100:100 and 150:50 at a set collagen concentration of 3 mg mL −1 with complete gelation room temperature. The storage moduli were measured and then converted to elastic moduli. The 100:100 ratio of azide-PEG-collagen and DBCO-collagen showed the highest storage modulus, and the storage moduli decreased as the ratio shifted in either direction ( Figure 4A ). The maximum storage modulus of the crosslinked collagen gel (100:100 ratio) was 84.83 ± 9.30 Pa ( Figure 4B ), and the minimum was 25.99 ± 4.08 Pa with a 150:50 ratio of azide-PEG-collagen and DBCO-collagen, demonstrating that the crosslinking density can be used to tune the mechanical properties of the gels depending on the desired application of the material. In addition, the concentration of functionalized collagen can also be used to change the gel mechanical properties ( Figure 4C ,D). The storage modulus increased linearly from 3.26 ± 0.59 to 81.05 ± 10.72 Pa with increasing collagen concentration from 1 to 3 mg mL −1 .
Keratocyte and Keratinocyte Culture Using Crosslinked Collagen Gels
Cell viability, cellular morphological changes, and phenotypes of keratocytes and keratinocytes were evaluated through in vitro cell culture experiments to evaluate whether the SPAACcrosslinked collagen SPAAC gels provide a suitable substrate for their growth. The sustained viability of keratocytes and keratinocytes encapsulated in and seeded on non-crosslinked and chemically crosslinked collagen gels was assessed using live/dead staining to ensure that the gels are cytocompatible ( Figure 5A ). Viability remained greater than 70% after 6 days in culture in all cases, and there were no significant differences in cell viability between the non-crosslinked gel and SPAAC gels.
The morphology of encapsulated keratocytes was evaluated based on F-actin staining ( Figure 5B ). In 1.5 mg mL −1 SPAAC gels, encapsulated keratocytes showed dendritic morphology at day 2, started to exhibit bipolar morphology at day 4, and formed a cell network by day 6. In addition, keratocyte cell bodies were significantly larger compared to those seen in 3.0 mg mL −1 SPAAC gels and non-crosslinked collagen gels. Keratocytes encapsulated in 3.0 mg mL −1 SPAAC gels exhibited a mostly round morphology, but some exhibited dendritic extensions at day 4. The keratocytes in non-crosslinked collagen gels exhibited dendritic morphologies with intensive branching at all time points. Additionally, the keratocytes cell bodies size increased significantly at day 4 compared to day 2. Encapsulated keratocytes produced keratan sulfate (KS), a matrix glycosaminoglycan, in crosslinked and non-crosslinked collagen gels, with KS staining observed in the cell cytoplasm ( Figure 5C ).
Keratinocytes were able to adhere and spread on top of the SPAAC gels based on F-actin staining, and ZO-1 and CK3 were expressed regardless of the type of gels ( Figure 5D ). Interestingly, keratinocytes seeded on SPAAC gels formed a confluent layer after 6 days in culture, but the same was not observed for the non-crosslinked gel. Accordingly, the keratinocytes covered over 95% surface of SPAAC gels, and the cell coverage areas were significantly higher for SPAAC gels compared to noncrosslinked gel ( Figure 5E ).
A lamellar corneal construct with epithelial and stromal layers was created through the encapsulation of keratocytes in SPAAC gels followed by the seeding of keratinocytes on top of the crosslinked gel scaffolds. Figure 6 shows both keratinocytes on gel surfaces shows and keratocytes within collagen gels. The surface section represents the epithelial layer, formed by keratinocytes that grew to confluence over both concentrations of SPAAC gel. The deeper layers of the gels contained keratocytes, indicative www.advancedsciencenews.com www.advhealthmat.de a cellularized stromal layer. As shown in Figure 5B , keratocytes showed increased spreading in non-crosslinked and 1.5 mg mL −1 SPAAC gels, but the cells maintained rounded morphologies and reduced F-actin staining in 3.0 mg mL −1 SPAAC gels. Keratinocytes were able to adhere and spread in the presence of the keratocyte-encapsulated collagen gels. Keratinocytes formed a confluent layer for SPAAC gels but not for non-crosslinked gels.
For the non-crosslinked gel, both keratinocytes and keratocytes were observed on the surface of the gel.
Organ Culture Model of Sutureless In Situ Forming Lamellar Keratoplasty
The capacity of the SPAAC-crosslinked gels to support a multilayered epithelium was evaluated through an ex vivo rabbit cornea organ culture model. A deep anterior lamellar keratoplasty was performed on ex vivo rabbit corneas, and the wound area was filled with SPAAC gels of two concentrations (3.0 and 1.5 mg mL −1 ) with and without encapsulated keratocytes prior to placement in organ culture ( Figure 7) . Figure 7A shows a corneal tissue schematic of a lamellar keratectomy and the regeneration process that could occur with the application of a corneal substitute. The SPAAC gel with keratocytes fills the cavity produced by lamellar keratectomy or by a stromal defect and provides a matrix structure for re-epithelialization. A lamellar keratectomy was performed on rabbit cornea tissue, and the mixture of azide-PEG-collagen and DBCO-collagen was applied to the wound site to form a gel ( Figure 7B ). The SPAAC-crosslinked gel on a keratectomized rabbit corneal surface was found to be transparent and difficult to visually distinguish from the native corneal tissue. Trypan blue solution was mixed in to better visualize the gel, which helped to reveal that the gel retained a smooth surface once placed into the wound. Native rabbit corneal cells were visualized with F-actin staining after they had or had not been treated with the SPAAC gel following lamellar keratectomy ( Figure 7C ). When the stromal substitute was not applied after the lamellar keratectomy, little migration of keratinocytes was observed in the epithelial layer, and the defect was not fully covered in the observed timeframe. For the corneas in which the 3.0 mg mL −1 concentration SPAAC-crosslinked gel was added along with keratocytes, keratocytes were able to spread within the gels and the keratinocytes migrated over the gel. Although the entire surface was not covered by keratinocytes, the cells migrated onto the stromal substitute with higher density and more organized structures than the tissue without treatment. The 1.5 mg mL −1 concentration SPAAC-crosslinked gel allowed the migration of Adv. Healthcare Mater. 2018, 7, 1800560 Figure 5 . A) Viability of keratocytes and keratinocytes encapsulated in and seeded on non-crosslinked and SPAAC collagen gels after 6 days in culture. B) F-actin staining (green) showing the morphology of keratocytes encapsulated in SPAAC and non-crosslinked collagen gels at days 2, 4, and 6. Scale bar: 200 µm. C) Keratocytes encapsulated in the SPAAC and non-crosslinked gels produced keratan sulfate (red) at day 6. Scale bar: 50 µm. D) F-actin (green) staining and expression of ZO-1 (red) and CK3 (green) of keratinocytes seeded on non-crosslinked and SPAAC gels. Scale bar of F-actin staining image: 100 µm. Scale bars of ZO-1 and CK3 staining images represent 20 µm. E) The keratinocyte coverage areas that were divided by the total area after 2 days in culture (**p< 0.01). The nucleus (blue) was stained for both keratocytes and keratinocytes.
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To confirm if the host keratocytes migrate into the applied stromal substitute, the SPAAC-crosslinked gel was applied to the stromal defects without cells. The addition of the gel without cells allowed epithelial cell migration over the collagen gel matrix, but keratocytes were not observed in the SPAACcrosslinked gels for both concentrations ( Figure 7C ).
The tissues were sectioned, and cross-sections of corneal tissues were observed after staining for F-actin and nuclei (Figure 8 ). Immunohistological processing of the corneal tissue without gel treatment after keratectomy showed epithelial layer formation on the wound site, but the cells remained a monolayer. The application of the 3.0 mg mL −1 concentration SPAACcrosslinked gel allowed a multilayered epithelial layer (2-3 layers) over the gel surface. The interface between the gel and epithelial layer was uniform and well assembled, while there were vacant spaces between the gel and stromal layer in some areas. The 1.5 mg mL −1 concentration SPAAC-crosslinked gel treatment supported the growth of a multilayered epithelium, 4-5 layers thick with near-normal appearing stratified morphology. The 1.5 mg mL −1 SPAAC gel also showed good apposition with both the overlying epithelial and underlying stromal layers.
Discussion
Collagen is the major constituent of the extracellular matrix, and has been used as wound dressings, [7] corneal shields, [8] and engineered corneal matrices. [9] It is well known that collagen's molecular structure plays a crucial role in cell adhesion, migration, and differentiation. [10] In this study, bovine type-I collagen was employed as matrix due to its low immunogenicity comparing to other collagen types. [11] Collagen type I is commonly used as a cellular scaffold in 3D cell culture because collagen gel matrices are more similar to the native cell environment than general 2D cell culture dishes. When an acidic collagen solution is neutralized and incubated at 20-37 °C, the collagen forms a gel through fibril formation. [12] However, collagen extracted from tissue loses its original fibril density and 3D architecture, and as a result, neutralized non-crosslinked collagen gels have low mechanical strength. The physical properties of collagen can be modulated by crosslinking techniques that enhance mechanical strength, enzymatic degradation resistance, and transparency. Previous studies have shown that improved collagen mechanical strength for implantation material are obtained by chemical crosslinking techniques, such as glutaraldehyde and carbodiimide. [4a,b] However, these chemical reactions still have toxicity issues when performed in the presence of living cells or tissues due to possible cross-reaction with cells. [4a] Bio-orthogonal chemistry can make highly specific covalent bonds without interfering with cells and biomolecules in a living system, and therefore is a suitable candidate method to crosslink collagen matrices for the purposes of cell encapsulation or for carrying reactions out on wound sites. Previously, we have demonstrated that SPAAC, which is a type of bioorthogonal and copper-free click chemistry, can be used to form covalent bonds between biomolecules in the presence of living cells. [13] SPAAC can be performed under ambient conditions in aqueous solution without the need for solvents or catalysts, Adv. Healthcare Mater. 2018, 7, 1800560 Figure 6 . Co-culture of human keratinocytes on the surface of and keratocytes encapsulated within SPAAC-crosslinked and non-crosslinked collagen gels. The black frames are cross-sectional views that show keratinocytes on the surface of the scaffold and keratocytes within the gels. The red and orange frames are surface and interior sections, respectively. F-actin (green) and nucleus (blue) were stained for both keratocytes and keratinocytes. The depth of cross-sectional images is 200 µm. Scale bars: 200 µm.
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For the SPAAC reaction, a PEG5 spacer-containing azide and DBCO were used for conjugation. The PEG spacer is hydrophilic, which can increase the stability of the conjugated group in aqueous solvents. [14] The length of the PEG5 spacer, about 22 Å, was used to promote accessibility to the primary amines during conjugation, as well as to the cycloalkyne group during crosslinking by SPAAC. DBCO was chosen as the cyclooctyne group for the SPAAC reaction.
To evaluate the conjugation efficiency of click chemistry moieties, a fluorescamine assay was applied to quantify the number of primary amine groups present at lysine residues and the protein's N-terminus. In our collagen conjugation step, NHS reacts with primary amines of collagen, which are reduced after conjugation. The decrease in primary amines can be measured by fluorescamine assay as a measure of conversion of primary amines to amide bonds. The molar ratio of NHS reagents and primary amine groups of collagen were determined (Table S1 , Supporting Information).
The conversion of azide-PEG-collagen was increased with the molar ratio of azide-PEG-NHS to primary amine of collagen, and there was no significant increase in conversion with molar ratios over twofold, although the conversion of fivefold ratio was slightly higher than the twofold ratio ( Figure 2B) . Thus, the twofold molar ratio of azide-PEG-NHS was applied for conjugation of collagen. DBCO-collagen showed maximum conversion at the twofold molar ratio, but there was no significant difference between it and the fivefold molar ratio ( Figure 2B ). The twofold molar ratio of DBCO-sulfo-NHS showed the best efficiency, and therefore was used for collagen conjugations. Although there was no significant difference between the twofold and the fivefold molar ratio of DBCO-sulfo-NHS, the higher concentration of NHS slightly decreased the conversion. This decrease could be explained by the influence of the hydrophobic nature of the DBCO group. The DBCO-sulfo-NHS is water-soluble due to the sulfonation of NHS, but it becomes hydrophobic and precipitates in aqueous solution with loss of the sulfonate group by hydrolysis of the NHS group. The high concentration of the DBCO group could lead to aggregation of the hydrophobic moieties through hydrophobic interactions, which could reduce the conjugation efficiency. As mentioned before, DBCO-collagen was used immediately after conjugation without dialysis because aggregation of DBCO-collagen occurred and increased with time after DBCO-conjugation.
The transparent nature of a biomaterial is very important for corneal applications, so we next evaluated the transparency of the crosslinked collagen gels. The SPAAC gels were optically clear, while the non-crosslinked collagen gel exhibited turbidity ( Figure 3A) . The turbidity of the non-crosslinked collagen is derived from the fibrillar structure of collagen, and it is proportional to the degree of randomly organized fibrillar structures. [15] The transparency of the SPAAC gel was increased compared to the non-crosslinked collagen by reducing the fibrillar structure formation through chemical crosslinking, which has been posited in other work as the reason that crosslinked collagen matrices are more transparent than noncrosslinked collagen gels. [15] In addition, the groups conjugated to collagen could alter collagen's physical properties, which was seen when the azide-conjugated collagen did not form a gel at room temperature that normally forms with the same concentration of unconjugated collagen upon neutralization.
The SPAAC reaction between azide-PEG-collagen and DBCO-collagen was confirmed by measuring the dynamic moduli using a rheometer. We measured and compared the moduli of SPAAC-crosslinked gels and the non-crosslinked gel. The chemically crosslinked gel had a modulus over 2 times more than that of the non-crosslinked collagen gel ( Figure 3C ). The storage and loss moduli of the SPAAC-crosslinked gel were rapidly increased at short time scales, and the rate of change in the moduli was reduced with time. The storage and loss moduli of non-crosslinked gels fluctuated in the range between 1 and 10 Pa for about 300 s after mounting the solution onto rheometer, and then the storage modulus steadily increased to about 40 Pa until 900 s. Immediately after 900 s, the moduli were measured as a function of frequency, and the storage www.advancedsciencenews.com www.advhealthmat.de moduli of the SPAAC and non-crosslinked gel were maintained without significant changes ( Figure 3D ). SPAAC-crosslinked gels showed linear viscoelastic responses in the range between 0.1 and 10 Hz, and non-crosslinked collagen gels also showed overall similar responses although there were unstable changes in the loss modulus in the range between 0.1 and 1 Hz. We adjusted the moduli of SPAAC gels through the azide/ DBCO ratio and concentration of conjugated collagen. A 1:1 ratio of azide-PEG-collagen and DBCO-collagen showed the highest storage modulus ( Figure 4A,B) , which was expected since the SPAAC reaction is a one-to-one reaction between azide and cyclooctyne groups, so an equivalent ratio of the two groups led to high efficiency in collagen crosslinking with increasing modulus. Moreover, at the twofold molar ratio of NHS, to amines which was the applied condition for collagen conjugation, the two conjugated collagens showed no significant difference in conversion (azide-PEG-collagen: 74.80 ± 2.52%, DBCO-collagen: 68.91 ± 6.93%; no significant difference). Higher amounts of DBCO-collagen relative to azidecollagen led to increased storage modulus. As we mentioned in the collagen conjugation description, DBCO-collagen tended to self-aggregate, which would slightly increase storage modulus without SPAAC reaction. Changes in collagen concentration correlated well with storage modulus (Figure 4C,D) . We obtained a linear storage modulus curve as a function of collagen concentration, making it possible to fabricate SPAAC gels with desired storage moduli.
The elastic modulus of rabbit stroma measured by atomic force microscopy indentation has been previously reported to be 1100 ± 600 Pa. [16] Although the storage modulus cannot be compared to the elastic modulus directly, if we assume the collagen gel is a homogeneous isotropic material, we can estimate the elastic modulus using the relation E = 2G (1 + ν) = 3K (1 − 2ν), where E is Young's modulus, G is the storage modulus, K is the elastic modulus, and ν is Poisson's ratio. Poisson's ratio is a constant depending on the material and has been reported to be ≈0.45 for collagen fibers. [17] The estimated elastic modulus of the 3.0 mg mL −1 SPAAC gel from the storage modulus (81.05 ± 10.72 Pa) in Figure 4D was 783.52 ± 103. 66 Pa and thus was deemed to be a reasonable choice for culturing rabbit keratocytes ( Figure 4D ). The estimated elastic modulus of 1.5 mg mL −1 SPAAC gel from the storage modulus (9.48 ± 1.38 Pa) in Figure 4D and non-crosslinked gel from the storage modulus (42.39 ± 8.95 Pa) in Figure 3D were 91.67 ± 13.39 and 409.76 ± 86.53 Pa, respectively. These gel formulations were tested in subsequent in vitro cell culture and organ culture experiments.
Matrix structure was estimated by growth factor release profile from the collagen gels ( Figure S1 , Supporting Information). The crosslinking density of gel matrix could be evaluated by the amount of released EGF from the gel. The release of EGF from gels was driven predominantly by diffusion which highly depends on the crosslinking density of gel matrix. [18] The 3.0 mg mL −1 concentration SPAAC-crosslinked gel had the highest crosslinking density as well as storage modulus, while the 1.5 mg mL −1 concentration SPAAC-crosslinked gel showed lower EGF release rate than non-crosslinked gel, even though the storage modulus was lower ( Figure S1A , Supporting Information). The physical interaction between collagen in the matrix of non-crosslinked gels (which were formulated at 3 mg mL −1 collagen) would theoretically be higher than that of the 1.5 mg mL −1 concentration SPAAC-crosslinked gel. However, non-crosslinked gels have less constrained matrices than covalently bonded hydrogel gels. [19] Thus, solutes can easily diffuse through the matrix of the non-crosslinked collagen gel, but not so readily through the matrices crosslinked by SPAAC. Based on the release of EGF from the matrices by enzymatic degradation, the physical gels released most of their EGF cargo within 1 h, and SPAAC-crosslinked gels were still slower to release EGF, although no difference was seen between the two concentrations ( Figure S1B , Supporting Information). Chemical crosslinking is known to increase resistance to enzymatic degradation by collagenase, [15] and thus our results indicate that the SPAAC reaction effectively crosslinks collagen.
After determining the mechanical properties of the collagen gels, keratocytes and keratinocytes were encapsulated in and seeded on collagen gels, respectively, to evaluate the cytocompatibility of the SPAAC reaction ( Figure 5A ). DBCO was used for reaction with azide groups as the cyclooctyne group. Previous research showed that cycloaddition reaction with DBCO was compatible with living systems. [20] Here, we make use of a sulfo-NHS group instead of a general NHS group for DBCO conjugation to improve cytocompatibility since the inclusion of a sulfo group provides increases solubility in aqueous solutions. DBCO-collagen was used immediately after conjugation without dialysis, because the hydrophobic DBCO group led to aggregation of conjugated collagen. For the azide conjugation, azide-PEG-NHS was dissolved in DMSO and dialyzed in PBS. The cells were able to survive over 6 days, and there was no significant difference in cell viability compared to non-crosslinked collagen gels ( Figure 5A) .
We evaluated the biological response of corneal cells to the SPAAC-crosslinked collagen gels. Keratocytes are normally relatively quiescent cells; however, after an injury, they activate and transform into fibroblasts or myofibroblasts. [21] Thus, this morphologic and phenotypic differentiation of keratocytes is a useful tool to test if the extracellular environment has affected cellular behavior. Metabolically active keratocytes are necessary for remodeling damaged tissue through the production of matrix metalloproteinases (MMPs), and production of new extracellular matrix. In the 1.5 mg mL −1 SPAAC-crosslinked gel, keratocytes initially exhibited a dendritic morphology, but changed to a bipolar and elongated shape within days ( Figure 5 ). Previous studies have shown that keratocytes encapsulated in hydrated collagen gels (2.5 mg mL −1 , storage modulus 50 Pa) have a dendritic morphology at day 1. [22] Matrix stiffness is known to play a role in maintaining and orienting the cells to pursue a more fibroblast-like shape during wound healing. Interestingly, modulus of the provisional matrix in healing wounds generally has been shown to be between 0.01 and 0.1 kPa, [23] and our gels are in this range. In the stiffer 3.0 mg mL −1 SPAAC gel, keratocytes maintained more rounded shapes throughout the evaluated time interval; the cells started to present some dendritic extensions within days, but their cell bodies were smaller than that of the other gels. Most of the encapsulated cells in this higher modulus gel remained rounded and did not spread or form a network. This cell behavior correlates with in vivo behavior, in which the cells are www.advancedsciencenews.com www.advhealthmat.de quiescent and present at low density. In contrast, keratocytes in the non-crosslinked collagen gel spread and increased in cell size within days. The cells produced dendritic extensions, formed local cell contact sites, but did not become fibroblastic. Although it is not clear which condition is optimal for a corneal stromal substitute, we found that the gels' stiffness can be readily controlled to suit the desired application. Previously, PEG hydrogels have been designed to support keratocytes in order to assemble an engineered stromal cornea. [24] Dense PEG hydrogel networks did not allow the cells to grow dendritic extensions but did support the production of KS. In our study, keratocytes in both crosslinked and noncrosslinked gels produced KS ( Figure 5C ). The KS present in the stromal matrix plays an important role because it contributes to corneal transparency, and KS drastically decreases when keratocytes become fibroblastic. [25] However, we were able to detect KS in the cells with fibroblastic morphology in the 1.5 mg mL −1 concentration SPAAC-crosslinked gel. Our study showed qualitatively that the cells can produce this important ECM constituent when encapsulated within SPAAC-crosslinked gels.
We also evaluated the ability of corneal epithelial cells to adhere to and maintain their phenotype on SPAAC-crosslinked gels compared to non-crosslinked gels ( Figure 5D ). Keratinocytes seeded on SPAAC-crosslinked gels were able to spread on the gel surface and form a confluent layer, but the same was not observed in non-crosslinked gels. Additionally, significantly lower cell numbers were found on non-crosslinked gels compared to SPAAC-crosslinked gels. Similar results have shown that corneal epithelial cells seeded on hydrated non-crosslinked collagen gels do not proliferate and have reduced cell-cell contacts. [26] This reinforces the importance of the mechanical properties of scaffolds for tissue engineering purposes. For both types of gels, the cells were able to maintain their phenotype as shown by the expression of the epithelial corneal markers CK3 and ZO-1. With these findings, we then created epithelial-keratocyte co-culture constructs using the SPAAC-crosslinked gels. These constructs were able to sustain the growth of both human keratinocytes and keratocytes on and within the same matrix, respectively ( Figure 6 ). The keratinocytes formed a confluent layer on the surface of the gel, while keratocytes populated the underlying crosslinked collagen matrix. We observed spreading keratocytes in the interior of the 1.5 mg mL −1 SPAAC gel and non-crosslinked gel, while the keratocytes maintained a round morphology in 3.0 mg mL −1 SPAAC gel. This is in accordance with the results we found for the keratocytes in individual culture without keratinocytes in Figure 5B . For non-crosslinked gels, keratocytes were observed on the surface confocal view of the keratinocyte layer. These results suggest that collagen degradation occurs rapidly in non-crosslinked gels compared to SPAAC-crosslinked gels, exposing keratocytes to the surface. The fast degradation of non-crosslinked gels could reduce the coverage area of keratinocytes. The shape of keratinocytes on the surface may be influenced by the rate of degradation of the gel. Thus, non-crosslinked gels appear to be limited in their ability to support keratinocytes on their surface.
We next used an organ culture model of stromal wound filling to evaluate the interactions between host cells and the collagen matrices with and without encapsulated keratocytes ( Figure 7) . After 6 days, in the untreated corneas, we observed that epithelial cells migrated only to a limited extent. The use of SPAAC to crosslink gels provides an adjacent matrix with sufficient mechanical support upon which a new layer of epithelial cells can grow. The re-epithelialization of resident keratinocytes was faster on the 1.5 mg mL −1 concentration SPAACcrosslinked gel compared to its 3.0 mg mL −1 counterpart. When the SPAAC-crosslinked gels were added without keratocytes, resident keratocytes migrating into the gel matrix was not observed ( Figure 7C ). The 6 day timeline is likely too short to observe the migration of host keratocytes into the gels. Nevertheless, the 1.5 mg mL −1 SPAAC-crosslinked gel appeared well-adhered to the host stromal layer and induced full thickness re-epithelialization. Further in vivo studies are merited to understand the relative benefits of enabling or preventing host stromal cells to migrate into the supplied gel matrix. We also evaluated keratocytes and keratinocytes through cross-sectional immunostaining of the organ culture corneas. The rabbit cornea tissue sections showed significant differences when the SPAAC-crosslinked gel was applied compared to the absence of the gel (Figure 8 ). Epithelial cells formed a monolayer in the absence of the SPAAC gel, while in the presence of the SPAAC gel, a multilayer was observed. Keratinocytes formed an epithelial layer consisting of 4-5 layers on the 1.5 mg mL −1 concentration SPAAC-crosslinked gel, with a thickness of ≈50 µm.
Numerous previous approaches to creating a bioengineered cornea have been explored. Corneal structure has been mimicked using laser-assisted 3D bioprinting, where collagen type I was used for the base of the bioink. [27] Griffith and collaborators synthesized an artificial cornea using collagenchondroitin sulfate and glutaraldehyde as a crosslinking agent. [28] More recently, the same group tested recombinant human collagen (RHC) type III scaffolds, crosslinked by EDC/ NHS that were implanted as preformed corneal buttons. [29] Here, we introduce a new cytocompatible method of applying an engineered substitute stromal tissue to surgically incised or wounded corneas, by crosslinking an initially flowable collagen gel that forms a stable gel on a corneal stromal wound in situ. The use of SPAAC provides decisive advantages over other chemistries in the procedure being developed, as azides and alkynes do not react with functional groups present on cells and tissues, and only proceed with the cycloaddition reaction when they encounter each other. Moreover, SPAAC produces no side products, can proceed in water under ambient conditions without the need for external catalysts such as an initiator or copper, or the need for a trigger such as light or heat. [5] Thus, SPAAC is uniquely suitable for an in vivo chemical reaction on corneal wound sites. Although further studies are needed to evaluate the in vivo performance of these constructs, the results indicate that SPAAC-crosslinking of collagen may enable a sutureless, in situ form of lamellar keratoplasty (SILK), or a bioactive, deep stromal wound stabilization modality in addition to enabling the construction of preformed cellular or acellular lamellar tissue substitutes. It may also have utility as an in vitro, 3D co-culture model of keratocyte-keratinocyte interactions. Further work is merited to continue evaluating SPAACcrosslinked collagen gels in animal models, in particular to ascertain the remodeling of the collagen matrix, maintenance of transparency, integration with host tissue, inflammatory www.advancedsciencenews.com www.advhealthmat.de response, and the effect of including or excluding encapsulated cells.
Conclusion
We present here the use of SPAAC, which is a bio-orthogonal and copper-free form of click chemistry, to encapsulate primary corneal keratocytes within crosslinked collagen matrices. The collagen gels were able to support a co-culture of keratocytes within the bulk of the matrix and keratinocytes on their surface. When the collagen gel was applied to damaged rabbit corneal tissue in organ culture, it allowed multilayered re-epithelialization of resident rabbit keratinocytes over its surface. The construct is promising as a potential 3D in vitro model system for studying keratocyte-keratinocyte interactions within corneal tissue and may have translational potential as an in situ forming cell scaffold for wounded or damaged cornea or as a means of synthesizing cellular or acellular lamellar substitutes.
Further work is merited to explore the biological response to SPAAC-crosslinked collagen gels in animal models.
Experimental Section
Materials: Unless otherwise noted, all chemicals and solvents were of analytical grade and used as provided by the manufacturer. Dibenzocyclooctyne-sulfo-N-hydroxysuccinimidyl ester, collagenase, dimethyl sulfoxide (DMSO), fluorescamine, sodium hydroxide solution (1.0 n), bovine serum albumin (BSA), fibronectin, agar, Cholera Subunit A, insulin, Triton-X, antichondroitin sulfate antibody, antikeratan sulfate antibody, trypan blue solution, and cell counting kit-8 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Phosphate-buffered saline (PBS) pH 7.4, 10× PBS, Slide-A-Lyzer dialysis kit (3.5k MWCO), collagen I bovine protein solution (5 mg mL −1 ), collagenase, epidermal growth factor (EGF) recombinant human protein, Dulbecco's modified eagle medium/nutrient mixture F-12 (DMEM/F-12) with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), fetal bovine serum (FBS), streptomycin sulfate, insulin-transferrin-selenium (ITS), Dulbecco's phosphate-buffered saline (DPBS), antibiotic-antimycotic, 1% horse serum, l-glutamine, keratinocyte-serum free media (KSFM), bovine pyruvate extract (BPE), trypsin, live/dead viability/cytotoxicity staining kit, paraformaldehyde (PFA), 5% normal goat serum, Alexa Fluor 647 Protein Labeling Kit, Alexa Fluor Phalloidin 488, Alexa Fluor 488 secondary antibody, and Alexa Fluor 546 secondary antibody were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Azidopoly(ethylene glycol) 5 -N-hydroxysuccinimidyl ester was purchased from BroadPharm (San Diego, CA, USA).
Collagen Conjugation and Characterization: Type I bovine collagen was first pH neutralized using a solution of 1.0 m sodium hydroxide solution, deionized (DI) water, and 10× PBS in a 3:57:20 ratio. The 5 mg mL −1 collagen solution was mixed with the neutralization solution in 3:2 ratio so that the final concentration of collagen was 3 mg mL −1 . Azide and DBCO functional groups were conjugated to the neutralized collagen using NHS chemistry to react with collagen's primary amines. For the azide conjugation (azide-PEG-collagen), azide-PEG-NHS was dissolved in DMSO to a concentration of 100 mg mL −1 , and 0.25-, 0.5-, 2-, and 5-fold molar ratios were used for conjugation. For the DBCO conjugation (DBCO-collagen), DBCO-sulfo-NHS was dissolved in PBS to 100 mg mL −1 , and the same molar ratios were used. The collagen and NHS reagent mixed solutions were incubated for 2 h at 4 °C. Azide-PEGconjugated collagen was dialyzed via Slide-A-Lyzer dialysis kit overnight at 4 °C in PBS, and DBCO-conjugated collagen was used immediately after incubation without dialysis.
The conjugation efficacy was evaluated by fluorescamine assay. Fluorescamine was dissolved in DMSO to a concentration of 3 mg mL −1 , and then 25 µL of the fluorescamine solution was added to 75 µL of conjugated collagen. After 30 min incubation at room temperature, the fluorescence intensity (Ex/Em = 380 nm/470 nm) was measured using a SpectraMax M Series Multi-Mode Microplate Reader (Sunnyvale, CA, USA). The conjugation efficiency was evaluated based on the concentration calculated from the standard curve of an unmodified collagen solution. Briefly, the fluorescence intensities of collagen solutions from 0.08 to 5 mg mL −1 were measured with the above procedure, and the intensity measurements showed a linear correlation with collagen concentration. From the linear standard curve, the concentration was evaluated from the measured intensity, and the conversion was estimated.
In all following experiments, collagen was functionalized with a twofold molar ratio of NHS reagents.
Collagen Gel Formation: A 1:1 v/v mixture of azide-PEG-collagen and DBCO-collagen were mixed to form crosslinked collagen gel by SPAAC reaction (SPAAC gel) and incubated for 30 min at 37 °C. The azide-PEGcollagen and DBCO-collagen were diluted before mixing to fabricate SPAAC gels that had different concentrations. For non-crosslinked gels, the collagen was neutralized as we mentioned above and incubated for 30 min at 37 °C according to the collagen gelation procedure of Thermo Fisher Scientific protocol, which is physically entangled collagen gel commonly used for cell culture.
Optical Property Characterization of Collagen Gels: The gels' absorbance from 350 to 800 nm was measured using a SpectraMax M Series Multi-Mode Microplate Reader. The SPAAC gel (1.5 mg mL −1 ) and non-crosslinked gel were fabricated in a 96 well plate, and the volume was 100 µL. The absorbance was converted to transmittance using the relation A = 2 − log 10 (%T).
Mechanical Property Characterization of Collagen Gels:
The mechanical properties of the collagen gels were evaluated using an ARES-G2 rheometer (TA Instruments, New Castle, DE, USA) at Stanford Soft & Hybrid Materials Facility (SMF, Stanford, CA, USA). For the noncrosslinked gel, neutralized collagen was mounted on the plate and measured. For the SPAAC gels, azide-PEG-collagen and DBCOcollagen were mixed and mounted on the 25 mm stainless steel plate. To determine gelation time, time sweeps were performed at room temperature for 15 min at 1% strain and 1 Hz oscillatory frequency. Then, frequency sweeps from 0.1 to 10 Hz with a fixed 1% strain were performed to determine the completion of gelation.
To evaluate how the mechanical properties of the gels could be modulated, the azide-PEG:DBCO ratio and the conjugated collagen concentrations were adjusted systematically. To ensure complete gelation, the resultant solutions were incubated at room temperature for 2 h, and then frequency sweeps from 0.1 to 10 Hz with a fixed 1% strain were performed.
Isolation of Corneal Cells: Primary corneal stromal cells (keratocytes) were obtained from rabbit and human corneas following previously published protocols. [30] The cells were grown in a 75 cm 2 flask in medium containing 1% horse serum and used at passage one. Primary human corneal epithelial cells (keratinocytes) were kindly donated by Professor Dr. Ali Djalilian, University of Chicago, Illinois. The cells were grown in KSFM medium containing BPE and EGF. After reaching confluency, the cells were subcultured and used at passage two.
Cytotoxicity, Morphology, and Phenotype of Keratocytes/Keratinocytes Encapsulated and Seeded within Collagen Gels: Prior to encapsulation, keratocytes were removed from culture flasks by trypsinization, pelleted by centrifugation, and resuspended in DMEM/F-12 containing 1% of horse serum. Cells were pelleted once again, then the supernatant was removed and ≈10 4 cells were resuspended in azide-PEG-collagen. Next, DBCO-collagen was added to the cell suspension in a 1:1 volumetric ratio. To compare the effect of collagen concentration on cell behaviors, 1.5 and 3.0 mg mL −1 conjugated collagens were used. The gels were crosslinked at 37 °C for 30 min and then the appropriate cell medium was added so that the gels were submerged. The culture medium was changed every 2 days. The same procedure described above was www.advancedsciencenews.com www.advhealthmat.de used to remove keratinocytes from the flask. Then, keratinocytes were seeded on top of SPAAC and non-crosslinked collagen gels that had been previously incubated with medium (KSFM, with BPE and EGF). At day 6 cell viability was assessed via live/dead staining, following the manufacturer's instructions. The number of viable and dead cells was determined using Image J software. Cell viability was obtained by dividing the number of live cells by the number of total cells. Each condition was performed in triplicate and averaged from three distinct experiments.
To determine cell phenotype and morphology, keratocytes and keratinocytes were encapsulated in and cultured on top the collagen gels as described above, respectively. Then, after days 2, 4 and 6, cells were fixed with 4% PFA for 15 min. After washing with PBS, the wells were blocked, and the cells were permeabilized for 30 min with 5% normal goat serum and 0.5% Triton-X. Next, Alexa Fluor Phalloidin 488 (1:40) was added for 30 min or the cells were incubated overnight with primary antibodies, including antikeratan sulfate (1:50), ZO-1 (1:100), and CK3 (1:100). After washing 3 times with PBS, secondary antibodies (1:1000), Alexa Fluor 488 and 546, were added for 2 h. Finally, after washing with PBS, DAPI was added for 5 min in PBS solution (1:1000). The cells were mounted, and the cell morphology and phenotype were observed using confocal microscopy (ZEISS LSM 880, Carl Zeiss Ag, Oberkochen, Germany).
Coculture of Human Keratocytes and Keratinocytes within Collagen Matrix Gels: Human keratocytes were encapsulated in SPAAC (1.5 and 3.0 mg mL −1 ) and non-crosslinked collagen gels following the description above. Then, keratinocytes were seeded on the gels, as described above. The KSFM medium with supplements was used to culture both of the cells. At day 6, the medium was removed, and the cells were fixed and stained with Phalloidin 488 and DAPI. The cells were mounted and the morphology of both cells within the gel was observed using confocal microscopy.
Lamellar Keratectomy in Ex Vivo Rabbit Corneas: Fresh rabbit eyes were obtained from Vision Tech and disinfected with 10% povidone-iodine solution. The globe at the equator was wrapped and tied with a sterile gauze to increase the intraocular pressure and provide a firm corneal surface to make a wound. A three-step anterior lamellar keratectomy was performed under a stereo microscopy (VistaVision, VWR, Radnor, PA, USA). First, an 8 mm diameter keratectomy groove of consistent depth was created by a biopsy punch (Miltec, Inc., Oak Creek, WI, USA). Then the globe was untied to decrease the intraocular pressure and soften the ocular surface. Second, a 27-gauge needle was injected into the posterior stroma and used to manually dissect the posterior stroma. Lastly, using a freehand technique, ≈150-200 µm of the anterior stroma including epithelial layer was removed using a crescent blade.
The air/liquid organ culture system used in this study was modified from previous reports. [7, 31] Following wounding, the injured corneas were excised from the globes with a 1 mm scleral rim, grasping only scleral rims and not the clear cornea. Excised corneas were immediately transferred onto individual preformed agar plugs to maintain normal culture and nutritional support. Agar plugs were made from 1:1 mixtures of serum-free medium containing double strength antibiotics and 2% agar in distilled water. The agar plugs were made within polydimethylsiloxane (PDMS) molds. The base part and curing agent of Sylgard 184 (Dow corning, Midland, MI, USA) were mixed as 10:1 weight ratio, and the 10 mL round bottom tubes were posted to the PDMS precuring mixture. The tubes were removed after PDMS curing, and the PDMS mold was autoclaved before use. Wounded corneas on the agar plugs were placed in a 12 well plate with 1 mL of complete serum-free culture medium, which was sufficient to bring the medium to the level of the scleral rim. The culture medium used was DMEM/F-12 containing 120 µg mL −1 penicillin G, 200 µg mL −1 streptomycin sulfate and ITS premix. Samples were incubated at 37 °C in 5% CO 2 in the air with once daily medium changes.
Trypan blue solution was mixed into the SPAAC gel precursor solution to visualize the gel on the rabbit cornea. Alexa Fluor 647 was conjugated to the azide-PEG-collagen to visualize the collagen gels formed on the corneal wounds by fluorescence microscopy following manufacturer's protocol. Briefly, Alexa Fluor 647 reactive dye was mixed with azide-PEGcollagen and incubated for 2 h at 4 °C and dialyzed via Slide-A-Lyzer dialysis kit overnight at 4 °C in PBS. SPAAC gels of 1.5 and 3.0 mg mL −1 concentration with and without encapsulated keratocytes were applied to the cornea-scleral organ culture specimens after anterior lamellar keratectomy, and no treatment after lamellar keratectomy was used as a control. After 6 days, the corneas were fixed and stained with Phalloidin 488 and DAPI. The corneas were flat mounted and then analyzed by confocal microscopy for re-epithelization, keratocyte spreading, and presence of the gel.
Statistical Analysis: All data are expressed as the mean ± standard deviation (SD). Each experiment was repeated at least 3 times unless otherwise indicated. Statistical evaluation was performed using a one-way ANOVA. A value of p < 0.05 was considered statistically significant. The statistical analysis was performed by using GraphPad Prism 7 statistical software.
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